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Abstract 
Chiari Type I Malformation (CMI) is a chronic central nervous system disease that is non-

curatively treated with highly invasive brain surgery and has no standard metric to quantify successful 

surgery beyond symptom stabilization. The underlying CMI pathophysiology is not well understood, 

as the basis of this disease is physiologically tied to the flow of cerebrospinal fluid (CSF) but 

conflicting reports in literature have limited the use of CSF-based biomarkers for Chiari diagnosis and 

prognosis. The current standard for CMI diagnosis uses static morphometric measurements, which 

fail to relate to symptomology and therefore provide little basis for surgical outcome prediction and 

making appropriate surgical candidacy selection difficult. This research sought to address this issue of 

conflicting reports around CSF dynamics in CMI as well as work towards a better understanding of 

the underlying CMI pathophysiology.  

 Our objective here was to address the need for improved neuroimaging CMI diagnostic 

practices by investigating current imaging modalities and underlying pathophysiology with clinically 

relevant neuroimaging techniques and advanced post-processing methods. With a specific focus on 

using clinically relevant research, we applied engineering principles taken from cardiac engineering 

and apply them to the brain for diagnostics and prognostics of CMI. First, to address the need for 

improved CSF dynamics measurement techniques, we quantified agreement, reproducibility, and 

repeatability of 4D Flow and 2D PC MRI measurements of CSF velocities at the craniovertebral 

junction using a CMI subject specific in vitro model. Next, we utilized modern MR imaging and post-

processing techniques to quantify differences in cardiac-induced neural tissue motion with novel 

parameters to represent relative displacement between physiologically relevant regions of interest.  

We found an overall lack of reproducibility of PC MRI key measurements and dependent on 

the specific scanning machine used. With further research, machine-specific differences could be 

understood and potentially quantify these differences to develop a correctional calibration procedure. 

A standard calibration procedure could ensure results from any calibrated scanner are comparable to 

results from any other calibrated scanner. Our limited sample size showed preliminarily that neural 

tissue motion at the craniovertebral junction lacked statistically significant differences between 

patients and controls, neither before nor after posterior fossa decompression surgery. This finding is 

not supported nor rebuked by current literature regarding neural tissue motion in CMI, as reports are 

in great disagreement. There was some preliminary indication of a physiological relevance of relative 

neural tissue motion at craniovertebral junction. Relative neural tissue motion should be further 

studied with larger cohorts and imaging modalities with higher resolutions so that a biomarker could 

be defined that provides a better basis for surgical candidacy selection.  
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Chapter 1: Introduction  
 

Type I Chiari Malformation (CMI) is a poorly understood quality of life disease whose 

diagnosis and intervention techniques do not consistently result in effective treatment. At present, the 

diagnostic practice for CMI is based on a static measurement of cerebellar tonsillar ectopia and can be 

radiographically diagnosed in 1 in 1,000 individuals but, of those radiographically diagnosed, only 

some 14% have symptomatic CMI, while others are considered to be asymptomatic [1, 2]. That is to 

say, some of those radiographically diagnosed with CMI would have never known had it not shown 

up incidentally when their brain was imaged for other, often unrelated, issues. Of those with 

symptoms, not all will need to receive the standard treatment of a bony decompression surgery and 

only some who do receive surgical intervention will report an alleviation of their symptoms. The 

current standard diagnostic practice for CMI does not provide an accurate basis for prediction of 

surgical outcomes, nor does it identify true, symptomatic and clinically relevant cases of CMI.  

 Improved neuroimaging techniques are required to define a novel CMI biomarker that 

provides an accurate basis for prediction of surgical outcomes. CMI is a dynamic disease affecting the 

movement of cerebrospinal fluid (CSF), yet diagnostic practice is to utilize a static 2D image of the 

brain. Dynamic neuroimaging techniques with a dynamic biomarker must be applied to properly 

characterize the underlying CMI physiology. Advanced dynamic imaging techniques require longer 

scan times and are therefore too costly for clinical application at present.  

 To improve CMI diagnostic practices, we sought to investigate current imaging modalities 

and the underlying CMI pathophysiology with advanced neuroimaging techniques. To better 

understand current CSF measurement techniques, we evaluated the agreement, repeatability, and 

reproducibility of CSF quantification techniques used clinically and in research. We also utilized 

modern magnetic resonance (MR) imaging and post-processing techniques to quantify differences in 

cardiac-induced neural tissue motion to further characterize the underlying CMI pathophysiology.  

Objective and Specific Aims 

Objective 

Address need for improved neuroimaging CMI diagnostic practices by investigating current imaging 

modalities and underlying pathophysiology with clinically relevant neuroimaging techniques and 

advanced post-processing methods. 
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Specific Aim 1  

Address need for improved CSF dynamics measurement techniques by quantifying agreement, 

reproducibility, and repeatability of 4D Flow and 2D PC MRI measurements of CSF velocities at the 

craniovertebral junction. 

Specific Aim 2 

Utilize modern MR imaging and post-processing techniques to quantify differences in cardiac-

induced neural tissue motion with novel parameters to represent relative displacement between 

physiologically relevant regions of interest. 
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Chapter 2: Background 
 

Type I Chiari malformation (CMI) is an understudied quality of life disorder of the central 

nervous system traditionally characterized by cerebellar tonsillar descent greater than 5 mm below the 

foramen magnum resulting in a range of symptoms from mild neck pain to clinical depression with 

headaches as the hallmark sign. Clinical presentation of CMI can vary between pediatric and adult 

patient populations [3] as well as having higher prevalence in adult women than adult men in the 

United States [1, 4, 5]. McClugage et al [3] found CMI symptoms can be stratified based on their 

relation to 1) CSF obstruction, 2) symptoms related to brainstem or cerebellar compression, and 3) 

symptoms related to spinal cord dysfunction/syringomyelia (Table 2.1, [3]). Headaches caused by 

Valsalva activities are the most common symptom associated with up to 40% of symptomatic CMI 

cases; which is to say that potentially painful headaches affect up to 40% of this patient population as 

frequently as when they cough, laugh or sneeze [6]. 

The current understanding of CMI stratifies the causes of this malformation into two groups: 

primary or congenital Chiari malformation (CM) wherein the malformation is caused by structural 

defects incurred during fetal development for a variety of reasons, and secondary or acquired CM, 

which occurs later in life due to traumatic injury, disease, or infection. The exact pathophysiology of 

secondary CM is not known at present, but the presentation of primary and secondary CM is not 

known to differ. In the CMI disease state, the malformation refers to cerebellar tonsillar ectopia,  

when the lower portion of the cerebellum extends below the foramen magnum forming cerebellar 

tonsils, one on each left and right side, depicted below by Humphrey [7] (Figure 2.1). In a healthy 

state, only the spinal cord occupies this space, allowing the free movement of cerebrospinal fluid 

(CSF) through the spinal canal and ventricular system. At present, the only treatment available for 

CMI is posterior fossa decompression, which focuses on easing symptoms or impeding progression of 

damage to the central nervous system (CNS). This surgical intervention can be as minor as a removal 

of a small portion of the bone at the base of the skull, a craniectomy, or as serious as removal of the 

cerebellar tonsils entirely using electrocautery, or thermal cauterization of the tissue. CMI symptoms 

cover a wide range, with little consistency beyond headaches after coughing or sneezing, making it 

difficult to identify separately from associated CSF disorders such as hydrocephalus, spina bifida, and 

syringomyelia. In CMI patients, the ‘sinking’ of the cerebellum, or tonsil herniation, below the 

foramen magnum crowds the spinal cord and blocks the flow of CSF. CSF flow blockages can result 

in impaired function of the cerebellum, pons, medulla, and surrounding regions of the craniovertebral 
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junction. Further, CSF is central the brains circulation and waste clearance, which could be 

fundamentally impaired by the blockage caused in the CMI disease state.  

CMI is radiologically diagnosed based on the extent of the cerebellar tonsillar ectopia, where 

either or both cerebellar tonsils must extent more than 3-5 mm below the foramen magnum but can be 

further classified by the presence of symptoms, symptomatic CMI, or the lack thereof, asymptomatic 

CMI. Oftentimes, CMI is found incidentally when someone receives a brain scan for unrelated issues 

and a Chiari malformation is noticed, making exact estimations of occurrence difficult and limiting 

research. At present, the significance of asymptomatic CMI is not understood. CMI research studies 

often do not include asymptomatic cases of CMI as they do not need surgical intervention and can be 

difficult to enroll in studies due to their limited presence in clinics. It is estimated that CMI 

prevalence is in the range of 1 in 1,000 to 1 in 5,000 individuals [1], but these could include 

incidental findings of asymptotic CMI, which could be 0.9-14% of these cases [2, 8-10]. In a study by 

Vernooij et al [9], 2000 MRI scans of the general population were analyzed for incidental brain 

findings and 0.9% of scans has tonsillar ectopia extending more than 5 mm below the foramen 

magnum, with a mean herniation of 6.4 mm, ranging from 5.2 to 10.3 mm. Meadows et al. [2] 

reviewed 22,591 head and cervical spine scans of the general population and diagnosed 175 cases 

CMI with tonsillar descent 5 mm or greater wherein 25 of these (14%) were asymptomatic. Further, 

O’Reilly et al. [10] analyzed 147 volunteers without CMI symptoms, hydrocephalous, or space 

occupying lesions and found 2 radiological diagnosis of CMI as well as showed no significant 

correlation between tonsillar descent and symptomatology. These studies show that the current 

diagnostic practices do not accurately capture symptomatic cases of CMI and may be of limited 

diagnostic and prognostic utility. 

The accepted standard diagnostics for CMI seem to fail to represent symptomatology and 

provide little to no basis for long term outcomes, thereby making selection of surgical candidates 

difficult and subjective to the clinic from which the diagnosis came. This may be due to the static 

nature of current diagnostic techniques, wherein a single mid-sagittal image is taken of the brain at 

any point in the cardiac cycle and used to measure tonsillar descent. The underlying CMI 

pathophysiology is dynamic in nature as it relates to the blockage of CSF flow over the cardiac cycle, 

inducing neural tissue motion that cannot be accurately captured with a single image at a random time 

point across the cardiac cycle. This fundamental mismatch in the underlying CMI pathophysiology 

and current diagnostic practice results in a surgical solution that only affects symptoms, not the 

underlying cause.  
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CMI Imaging Techniques 

Magnetic resonance imaging (MRI) is a common imaging modality used to take either static 

or dynamic images of the brain with specific properties allowing the differential viewing of bones, 

fatty tissue, and/or fluids for various clinical and research purposes. The basic principle of an MRI 

scan is as follows: biological tissue is comprised of hydrogen protons which contain nuclei that 

possess a “spin” property  [11]. This spin property is essentially what allows this imaging to occur, as 

protons that can “spin” are excitable, which is to say that can be transitioned from low-energy states 

to high-energy states with applied magnetic fields (Figure 2.2). The timing of the applied magnetic 

fields, or magnetic gradient, is determined by a pulse sequence, depicted by pulse sequence diagrams. 

A portion of a simple, theoretical pulse sequence diagram is shown in Figure 2.2.a, wherein the 

timing of radio frequency (FR) and gradient pulses is shown with the corresponding change in proton 

orientation at each time point (Figure 2.2.b). As these protons transition back from their high-energy 

states to their low-energy states, they emit a small voltage that can be detected, amplified, and 

recorded. The time it takes for this proton to return to normal is directly related to the induced 

voltage, allowing a period of brief excitation and relaxation cycles to form an image of the proton’s 

characteristic frequency. The resulting image can therefore delineate tissue types based on pixel 

intensity, as different tissue types will have different characteristic frequencies. This basic concept 

can be expanded on, and specialized encoding gradients can be used to encode protons for kinetic 

values such as velocity or displacement, allowing more advanced analysis of tissue and fluid 

dynamics. 

In clinical settings, standard practice is to use mid-sagittal 2D magnetic resonance (MR) 

images, x-ray imaging, or computed tomography (CT) to obtain a head and cervical spine scan for the 

purpose of measuring tonsillar ectopia and radiologically diagnosing CMI. These scans are fairly 

short, using a basic protocol dependent on preferences and standard practices of the clinic in which it 

occurs. Longer and more focused CSF flow studies can be requested by the attending neurologist to 

better asses surgical candidacy, but the use of these sequences are never for diagnostic purposes as 

currently no CSF-based biomarkers exist in CMI. These longer flow studies can use more advanced 

imaging techniques such as cine sequences to capture dynamic videos and pixel tagging encoded for 

velocity in multiple directions. Videos of CSF flow can show clinicians the actual movement and 

blockages of CSF flows, identifying structures with impeded flow or excessive motion, as well as 

CSF leaks and directional changes in flow pre- versus post-operatively. The most widely used method 

for CMI flow studies is 2D PC MRI (Figure 2.3), which is advantageous in its short scan time and 

ease of analysis for morphological and functional alterations, allowing for both qualitative and 

quantitative CSF characterization but is limited in its single-plane imaging and through plane 
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encoding restricting the ability to look in detail at complex flow patterns that occur in the CMI 

disease state.  

More recently, novel PC MRI methods such as 4D Flow and DENSE imaging allow for 

three-dimensional encoding, resulting in more robust CSF flow analysis as well as the ability to 

produce computational flow dynamics (CFD) simulations based on these. As with any technique, 

these advanced modalities are difficult to implement in clinical settings as they have long scan times 

that are hard to schedule and expensive for patients, and the relevance of CSF dynamics as a metric 

for CMI remains under debate by the medical community. This lack of adoption of CSF dynamics 

could also be due to conflicting reports in literature, discussed in detail in Chapter 3.  

Mathematical Basis of Post Processing Techniques 

With these advanced imaging techniques, advanced post-processing methods have emerged 

to allow for novel characterizations of CSF dynamics as well as neural tissue motion dynamics 

induced by the cardiac cycle. While CSF dynamics have been studied since the late 1990s’, neural 

tissue motion dynamics are a more recently derived parameter of interest. Using analysis techniques 

for deriving cardiac tissue displacement and strain [12], neuro-engineers have begun looking at 

displacement and bulk motion of neural tissue to better understand the poorly defined 

pathophysiology of CMI. To do this using PC MRI techniques, velocity-encoded images taken over 

the cardiac cycle can be integrated for displacement of a region of interest (ROI) and the peak-to-peak 

bulk motion of any ROI. More specifically, PC MRI images can be velocity encoded such that a 

chosen encoding velocity sets the upper and lower bounds of the output velocity information. These 

PC MR images have a known minimum pixel value of 0, and a maximum pixel value defined by the 

scanning protocol, which can be linearly transformed as follows: 

Based on the linear transformation (2.1): 

 ! = #$ + & Equation 2.1 

with slope, m:  

 ! = #!	 −	##
&! 	− 	&#

= +()*+ − (−()*+)
!.#	/0#)1	2.13) − 0 Equation 2.2 

and y-intercept, b: 

 ! = 	−%&'( Equation 2.3 

such that: 
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 !"#$%&'(	 *%+, - =
2 ∗ 1"2%

+34	5&4"#	!3#6" ∗ (8&4"#	13#6") − 1"2% Equation 2.4 

Shown graphically in Figure 2.3. 

With velocity values for each pixel, at every time step, we can then apply kinematics to integrate 

velocity for displacement based on the following mathematical relationship: 

 
'()*+,-! =

∆	0,12)3+(#(4-

∆	-,#(

	∴ 	∆	0,12)3+(#(4- = '()*+,-! ∗ 	∆	-,#( 
Equation 2.5 

 

Wherein ∆ represents change, as in the change in time in seconds and change in displacement in 

centimeters, which allows the following:  

 
0,12)3+(#(4-	[+#] = 9 '()*+,-!	[

+#

1

]	0-

!!

!"
 Equation 2.6 

This displacement can be derived for any region of interest (ROI) within the brain with careful ROI 

selection to ensure no pixels containing CSF are selected. Due to the high velocities associated with 

CSF movement compared to tissue it surrounds, inclusion of CSF within an ROI could significantly 

alter results. Displacement of neural tissue induced by the cardiac cycle can also be derived with 

displacement-encoding imaging techniques, wherein displacement is directly encoded for by the 

encoding gradient in the MRI pulse sequence. Displacement-encoding imaging, or DENSE 

(Displacement ENcoded Simulated Echoes) imaging, allows for a greatly improved image resolution 

and tissue motion quantification down to the submillimeter level [13]. The novel quantification of 

cardiac induced neural tissue motion at the submillimeter level could provide an improved basis for 

understanding the underlying CMI pathophysiology in terms of bulk tissue motion parameters. 
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Tables 

Table 2.1. Symptoms of CMI [3] 

CSF Obstruction 

Compression of Brainstem, 
Cerebellum, or Cranial 
Nerves 

Spinal Cord Dysfunction 
(syringomyelia) 

Valsalva- or strain-induced 
occipital/upper cervical 

pain/headache 

Swallowing 
difficulty/choking/aspiration, 

dysphagia 
Upper motor neuron signs 

Hydrocephalus Hoarseness/dysarthria Lower motor neuron signs 

 Absent gag reflex Pain and temperature sensory 
loss 

 Downbeat nystagmus Spasticity 

 Truncal ataxia Scoliosis (primarily thoracic 
levoscoliosis) 

 Tinnitus Motor weakness 
 Vertigo/dizziness  

 
Autonomic symptoms 

(syncope, drop attacks, sinus 
bradycardia) 

 

 Trigeminal/glossopharyngeal 
neuralgia  

 Trigeminal sensory loss  
 Tongue weakness/deviation  
 Palatal weakness  
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Figures 

 

Figure 2.1. In the normal brain, the tonsils stay above the foramen magnum. In Chiari malformation type I, the 
tonsils descend into the upper cervical canal (the top of the neck) [7]. 
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Figure 2.2. a) Exemplary portion of a theoretical pulse sequence diagram for a spin echo MRI with 90º radio 
frequency pulses (RF) and some positive gradient that could represent such things as slice-select, frequency 

encoding, displacement encoding, etc. b) Corresponding orientation of protons before and after application of 
magnetic gradient (RF pulses here) based on the timing indicated in the pulse sequence diagram in (a). 
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Figure 2.3. Example phase contrast magnetic resonance image (PC MRI) of Chiari patient at a mid-point in the 
cardiac cycle.  

  



12 
 

 

 

Figure 2.4. Graph depicting linear transformation of PC MRI image into velocity data. 
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Chapter 3: In Vitro Evaluation of Cerebrospinal Fluid Velocity 

Measurement in Type I Chiari Malformation: Repeatability, 

Reproducibility, and Agreement using 2D Phase Contrast and 4D Flow 

MRI 
 

Williams, G., Thyagaraj, S., Fu, A. et al. In vitro evaluation of cerebrospinal fluid velocity 

measurement in type I Chiari malformation: repeatability, reproducibility, and agreement using 

2D phase contrast and 4D flow MRI. Fluids Barriers CNS 18, 12 (2021). 

https://doi.org/10.1186/s12987-021-00246-3  

Abstract 

Background 

  Phase contrast magnetic resonance imaging, PC MRI, is a valuable tool allowing for non-

invasive quantification of CSF dynamics, but has lacked adoption in clinical practice for Chiari 

malformation diagnostics. To improve these diagnostic practices, a better understanding of PC 

MRI based measurement agreement, repeatability, and reproducibility of CSF dynamics is 

needed. 

Methods  

An anatomically realistic in vitro subject specific model of a Chiari malformation patient was 

scanned three times at five different scanning centers using 2D PC MRI and 4D Flow techniques 

to quantify intra-scanner repeatability, inter-scanner reproducibility, and agreement between 

imaging modalities. Peak systolic CSF velocities were measured at nine axial planes using 2D PC 

MRI, which were then compared to 4D Flow peak systolic velocity measurements extracted at 

those exact axial positions along the model.  

Results Comparison of measurement results showed good overall agreement of CSF velocity 

detection between 2D PC MRI and 4D Flow (p = 0.86), fair intra-scanner repeatability 

(confidence intervals ±1.5 cm/s), and poor inter-scanner reproducibility. On average, 4D Flow 

measurements had a larger variability than 2D PC MRI measurements (standard deviations 1.83 

and 1.04 cm/s, respectively).   

Conclusion Agreement, repeatability, and reproducibility of 2D PC MRI and 4D Flow detection 

of peak CSF velocities was quantified using a patient-specific in vitro model of Chiari 
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malformation.  In combination, the greatest factor leading to measurement inconsistency was 

determined to be a lack of reproducibility between different MRI centers.  Overall, these findings 

may help lead to better understanding for application of 2D PC MRI and 4D Flow techniques as 

diagnostic tools for CSF dynamics quantification in Chiari malformation and related diseases. 
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Introduction 

The dynamic movement of cerebrospinal fluid (CSF) has long been the subject of 

scientific investigation, and its important functional role to support central nervous system health 

is increasingly realized. For this reason, non-invasive phase contrast magnetic resonance imaging 

(PC MRI) quantification of CSF dynamics has been pursued for diagnosis, prognosis, and 

treatment of neurological diseases such as hydrocephalus [14, 15], Chiari malformation [16], and 

syringomyelia [17, 18].  Variabilities in CSF dynamics, such as increased CSF velocities and/or 

flow rate, are thought to be indicative of Chiari malformation and related neurological disorders 

[19, 20]. Single-plane two-dimensional, through-plane encoded PC MRI (2D PC MRI) and time-

resolved three-dimensional velocity encoded PC MRI (4D Flow) are promising modalities that 

allow for CSF dynamics characterization. 2D PC MRI is one of the best known non-invasive 

methods and currently the only method for both qualitative and quantitative CSF characterization 

[21]. Clinical application of 2D PC MRI is widely varied with use in visualizing morphological 

and functional alterations in normal pressure hydrocephalous patients as well as CSF flow 

assessment in Chiari malformation populations with and without syringomyelia [22]. 4D Flow 

has shown potential to advance in vivo assessment of complex hemodynamic and CSF flow 

patterns [23-25]. Originally developed for cardiovascular applications [26], 4D Flow has been 

applied to analyze CSF velocity differences between healthy controls and Chiari malformation 

patients, with and without syrinx formation [27]. Contrast-enhanced MRI techniques have also 

been applied to quantify relatively slow timescale transport phenomena, such as CSF solute 

transport in humans [28-30].  Additionally, MRI has been applied to quantify short timescale 

phenomena such as dynamic motion of CSF due to respiration and other maneuvers using real-

time PC MRI  [31-34] and time-slip MRI [35, 36].  These methods show promise to help reveal 

new insights about CSF system physiology in health and disease. 

At present, the diagnostic relevance of PC MRI-based measurement of CSF velocity 

dynamics remains under debate by the medical community.  For example, the recently published 

National Institutes of Health common data elements (CDEs) for Chiari malformation clinical 

research does not include any recommended measurements related to CSF dynamics [37].  The 

lack of adoption of CSF dynamics as a standard measure for Chiari malformation is likely due to 

the conflicting findings reported in previous studies comparing CSF velocities in Chiari 

malformation patients and healthy controls [38-41].  For example, some investigators report 

elevated CSF velocities in Chiari malformation patients’ pre-surgical treatment, and others 

reported decreased pre-surgical CSF velocities in Chiari malformation patients compared to post-

surgery.  Also, there are conflicting reports of both elevated and decreased CSF velocities in 



16 
 

 

healthy subjects compared to Chiari malformation patients. These conflicting findings were 

discussed in a review by Shaffer et al. [19].  

To address the need for improved CSF dynamics quantification, the present study aims to 

quantify the agreement, reproducibility, and repeatability of 4D Flow and 2D PC MRI 

measurement of CSF velocities at the craniovertebral junction.  Our focus was the craniovertebral 

junction CSF velocities because these velocities are thought to potentially be a diagnostic 

indicator of Chiari malformation. To mitigate normal physiological variation in CSF velocities, 

our approach utilized a subject-specific high-resolution 3D printed model of a Chiari 

malformation patient with computer controlled pulsatile CSF pump [42]. We hypothesized that 

2D PC MRI and 4D Flow would have strong measurement agreement, repeatability, and 

reproducibility. 

Literature Review  

We conducted a meta-analysis of all CSF velocity quantification studies applied in Chiari 

malformation (Table 3.1).  These studies show a range of peak CSF velocities in healthy controls 

and Chiari patients depending on the measurement position along the spine, voxel size, slice 

thickness, and number of phases. Figure 3.1 provides a summary of Table 3.1 results in terms of 

the average CSF velocities reported in the studies at each axial slice position along the spine (FM 

to C5) for healthy subjects (N = 91 included across all studies analyzed) and Chiari malformation 

patients that have not received decompression surgery (N = 166 included across all studies 

analyzed).  Figure A.1, Appendix A, contains Forest plots depicting the meta-analysis for each 

imaging methodology and treatment group, showing the spread of reported peak systolic CSF 

velocities. This meta-analysis shows peak CSF velocities are elevated in Chiari malformation 

compared to healthy subjects and the axial position of greatest CSF velocity elevation is most 

commonly reported at the FM - C1 vertebral level (Figure 3.1). However, the standard deviation 

of peak CSF velocities is considerable compared to group differences and this variance makes 

specification of a diagnostic threshold for patients versus controls difficult. Notably, several 

studies included in the meta-analysis had Chiari cohorts with syringomyelia, which is known to 

affect CSF dynamics [27]. The comorbidity of Chiari and syringomyelia complicates the 

assessment of Chiari CSF dynamics and requires further investigation to accurately describe the 

contributions of Chiari and syringomyelia to the CSF dynamics. 

Reproducibility and repeatability of CSF velocity measurements, measured in cm/s for 

individual voxels collected for a region of interest at the craniocervical junction, have not been 

specifically investigated. A number of studies have been conducted on the reliability of arterial 



17 
 

 

hemodynamics using 4D Flow [43] and 2D PC MRI [44, 45] measurements.  However, arterial 

flow velocities are typically one order of magnitude greater than CSF velocities.  Thus, the 

reproducibility / repeatability results from these arterial hemodynamics studies are difficult to 

apply for CSF velocities. Repeatability of 2D PC MRI CSF and cerebral blood flow (mm3/s) 

measurements have been investigated and shown to have moderate in vivo test-retest repeatability  

[46].  In that study, the authors did not quantify reliability of CSF velocity measurement (cm/s) 

that has been a focus of interest for CSF-based Chiari malformation diagnostic tests.  

Repeatability of in vivo 2D PC MRI measurements of CSF flow at the aqueduct of Sylvius has 

been examined and found to have moderate repeatability [46].  However, aqueductal CSF 

velocities are typically greater than at the craniocervical junction.  Also, the CSF space geometry 

at the craniocervical junction is more complex than the tube-shaped aqueductal geometry.  The 

craniocervical junction anatomy is an annulus shape that contains spinal cord nerve roots, 

neuroaxis curvature, and tonsillar descent in Chiari malformation patients. Poor 4D Flow 

accuracy has been found during timeframes corresponding to low CSF flow rate [47], but further 

research is necessary before clinical application is feasible. 

While many studies have previously quantified repeatability and operator effects for PC 

MRI hemodynamic and cerebral blood flow characterization [48-55], few studies have quantified 

these parameters for PC MRI CSF dynamics characterization (Table 3.2). Overall, these previous 

CSF dynamics studies are stratified into focuses on the cerebral aqueduct, the spinal subarachnoid 

space (SAS), and the C2-C3 area and are summarized in Table 3.2. These studies consistently 

reported strong intra/inter operator agreement and peak velocity measurements are independent of 

the operator, therefore intra/inter-operator effects are null in this context and were not 

investigated. A study by Tawfik et al. [56] detailed 2D PC MRI measurement repeatability at the 

cerebral aqueduct and reported a peak velocity standard deviation of 1.9 cm/s, which is 

comparable to the 1.83 cm/s peak velocity standard deviation we found in the cervical spine 

(Table 3.2). In vivo studies by Sakhare et al. [46] and Luetmer et al. [57] reported standard 

deviations of 2D PC MRI CSF flow between 0.04 and 0.98 mL/s but did not look at peak velocity 

values. Pahlavian et al. [47] performed an accuracy study on 4D Flow quantification of CSF 

dynamics using a 3D printed in vitro model similar to the one used here and found fairly high 

accuracy (95% CI ±1.8 cm/s, Table 3.2) but did not quantify repeatability nor reproducibility of 

measurements. These accuracy results from Pahlavian et al. were of similar range as the 

reproducibility results of this study. To our knowledge, this is the first study to specifically detail 

the agreement between 2D PC MRI and 4D Flow quantification of peak CSF velocities and 

characterize reproducibility of measurements across different scanners.  
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The large variance in CSF velocities reported in Chiari malformation patients versus 

controls (Figure 3.1) in literature is likely due to the wide range in PC MRI acquisition methods 

and post-processing techniques. Factors contributing to inconsistency in PC MRI measurement 

results can be summarized as follows: (1) human error introduced by operator region of interest 

selection and variance of measurement location particularly with 2D techniques [58], (2) 

inconsistency in eddy current offset correction [47], (3) spatial resolution of MRI slices [21], (4) 

temporal resolution of number of phases sampled per cardiac cycle [59], (5) transient impact of 

respiration on time-average CSF flow measured by PC MRI [31, 34, 35] (6) Orientation of the 

neck angulation [60], (7) normal physiological variance in CSF flow [61], (8) noise and other 

imaging artefacts generated from subject motion in the MRI scanner [47, 58, 60, 62], (9) 

respiration-induced B0 variations [63].    

Methods 

Study Design 

Experiments were performed using an in vitro subject-specific CSF flow model of a 

Chiari malformation patient that was tested at five different MRI scanners at four different 

scanning centers. The centers were physically located as follows: Center 1, University Hospital in 

Cologne Germany (3T Achieva, Philips Healthcare, Best, Netherlands); Center 2, Emory 

University in Atlanta, Georgia, U.S.A (Siemens 3T PrismaFit, Atlanta, Georgia, U.S.A); Center 

4, University Hospital in Basel Switzerland (3T, MAGNETOM Prisma, Siemens Healthcare, 

Erlangen, Germany); Centers 3 and 5 were both located at University Hospital in Lausanne 

Switzerland (3T PrismaFit and 3T Tim Trio, respectively, Siemens Healthcare, Erlangen, 

Germany).  To quantify repeatability, the flow model was scanned three times at each center 

using both 2D PC MRI immediately followed by 4D Flow MRI.  To quantify reproducibility, 

results were compared across the five centers.  Agreement between 2D PC MRI and 4D Flow 

CSF velocity measurements were also quantified.  Results were statistically analyzed within and 

across MRI centers and between measurement techniques using a linear mixed effects model.  

Subject Specific In Vitro CSF Flow Model and Experimental Set-up 

To control a consistent CSF flow waveform and anatomic shape across MRI 

measurement centers, we utilized a computer-controlled in vitro model CSF flow system 

previously developed by our research group [64] (Figure 3.2a). The model was designed based 

on T2-weighted anatomical MRI data collected for a five-year-old Chiari malformation patient 

with 6.8 mm cerebellar tonsillar descent below the foramen magnum (FM), as described in Bunck 

et al. [27]. The spinal subarachnoid space was manually segmented from the medulla to the upper 
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thoracic spine based on the T2-weighted images.  Dorsal and ventral spinal cord nerve rootlets 

(NR) were added to the model segmentation based on ex-vivo anatomic measurements of nerve 

root location, radicular line, and descending angle. The model was printed by stereolithography 

with a spatial resolution of 75 µm (see Figure 3.2b for model dimensions).   

4D Flow images were acquired to quantify the subject-specific CSF flow waveform in 

the same Chiari malformation patient.  CSF flow rate as a function of time was quantified based 

on a region of interest located at the C2-C3 vertebral level.  This waveform was input to an in-

house designed computer-controlled oscillatory syringe pump with pulse-trigger output (for MRI 

cardiac gating).  To allow MRI scanning, the syringe output was connected to the in vitro models 

via polyethylene tubing. The pump was positioned outside of the scanner operating room with 

tubing connected to the in vitro model through the waveguide.  Tubing was taped to the floor and 

scanner bed during operation to minimize tubing movement / vibrations during operation. 

Complete details on the in vitro system dimensions and characterization are provided by 

Thyagaraj et al. [64].  Scanning was repeated three times at each location. 4D Flow measurements 

from MRI machines are prone to eddy current offsets arising from non-uniformity of magnetic 

fields, therefore a static fluid body was placed next to the in vitro model during scanning for a 

post-processing eddy current offset correction. After affixing the static fluid bodies in place, each 

trial consisted of a 2D PC MRI scan immediately followed by a 4D Flow scan. Between 

subsequent trials, the model was manually repositioned by approximately a few centimeters 

within the scanner bed to mimic realistic conditions in clinics. This repositioning was to mimic 

the altered position that may occur if a human subject were to be re-scanned in the scanner bed 

with slightly different body orientation. 

In Vitro Imaging Protocol 

Imaging parameters were chosen to represent standard clinical procedures such that these 

results best represent the repeatability and reproducibility seen clinically.  

4D Flow and 2D PC MRI images were collected at each center using the following 

settings (Table 3.3), adapted from a previous protocol [64]. We sought to have identical imaging 

parameters applied across all MRI machines and across the 4D Flow and 2D PC MRI protocol.  

In brief, 4D flow datasets were collected in the sagittal orientation with velocity encoding of 15 

cm/s, prospective gating, 16 phases per cardiac cycle leading to a temporal resolution of 30 ms, 

repetition time (TR) of 7.5 ms, echo time (TE) of 4.6 ms, flip angle (FA) = 5°, with 1.5 mm 

isotropic resolution. Prospective gating of the model was based on the heart rate recorded in 

conjunction with the subject specific waveform collected for the computer-controlled model.  
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2D PC MRI data was collected at nine axial slice positions along the model located as 

shown in Figure 3.3 with distance between axial planes in Table 3.4. Total imaging time was 

approximately 15 minutes for the 4D Flow protocol and ~30 seconds for each 2D PC MRI scan. 

Slice positions relative to one another (i.e. foramen magnum to C1 vertebral level) was set to be 

identical across all MRI centers.  The 4D Flow acquisition covered the entire region where 2D PC 

MRI slices were located.  

MRI Post-Processing 

Both 4D Flow and 2D PC MRI data were post-processed using GTFlow software 

(version 2.2.4, Gyrotools Inc, Zurich, Switzerland) by a single person at a center core lab. An 

eddy current offset correction was applied based on the static fluid body placed next to the in 

vitro model, to offset errors arising from non-uniformity of the magnetic field [65]. The flow field 

was also inspected and corrected for any aliasing artefacts when present.  2D PC MRI velocity 

data at each of the nine axial positions was exported as Matlab (version R2014b, Mathworks Inc, 

Natick, MA) readable files for quantitative comparison of CSF velocities.  At each 2D PC MRI 

slice position, a 4D flow slice was selected and also exported to Matlab.  To quantify peak 

systolic CSF velocity, first the phase corresponding to peak systole was identified using the 

maximum spatially averaged velocity of all pixels with non-zero velocities, defined as follows: 

 
:23-,3)	;'(<3=(" =

∑ ?#$#%&
@

 Equation 3.1 

where i represents phase number, N represents total number of non-zero velocities, and Vn 

represent the thru-plane CSF velocity for the respective pixel. The peak systolic value was then 

measured as the pixel within the phase of peak systole having the greatest velocity value.  

Statistics 

Because trial, scanning center, and scan type could have significant effects, we developed 

the following linear mixed-effects model for each replicate: 

 
! = A' +BA($(

&)

(%&
+ C& +BC($(

&)

(%*
+ D, Equation 3.2 

where y is the velocity measurement along the spine, $s are binary covariates, As are the fixed 

effects, and zs the random effects.  Specifically, $& indicates whether the treatment group is 4D 

Flow MRI or not, each of the $(s with F = 2,… ,5 indicates whether the measurement was taken 

at the Jth scanning center, and each of the $(s with F = 6,… ,13 indicates whether the 
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measurement was taken at one of the eight axial positions (C1, C2M, C2B, C3, C4, C5, C6, and 

C7).  In this model, A' represents the baseline, which is the mean velocity measurement from 2D 

PC MRI at scanning center #1 at the FM position along the spine.  In other words, this model 

estimates the difference between another scanning center and Center 1, as well as between 

another axial position and FM.  The baseline may also be the overall mean, or another center or 

axial position.  Our analysis aims to test whether the regression coefficient is significantly 

different from 0; this is the same hypothesis no matter which baseline is chosen. Additionally, z 

represents random effects of the scanning centers and axial slice position (note that the treatment 

of 4D versus 2D is assumed to be a fixed effect and not included in the random effects), which 

follow a multivariate normal distribution with mean of zero and a symmetric variance-covariance 

matrix: 

 
N~@(Q, R), Equation 3.3 

where C = (C&, … , C&))′ is the column vector of all the random effects, 0 is a vector of zeros, and 

R is the variance-covariance matrix. We used the Matlab (Ver. 2019a Mathworks Corp., Natick, 

MA) function “fitlme” to estimate the parameters in this linear mixed-effects model and test 

whether each of the fixed effect sizes is significantly different from zero. If so, this would 

indicate a statistically significant impact on the parameter from treatment groups, scanning 

centers, or axial position of velocity measurements.  

Using this linear mixed-effects model, we obtained p-values for the following 14 fixed 

effect sizes: the baseline (Center 1), scan type (4D Flow MRI or not), scanning centers (Centers 

2-5), axial position of measurement (C1, C2M, C2B, C3, C4, C5, C6, and C7). We accounted for 

multiple comparisons by applying the Bonferroni correction where the threshold for significant p-

values was adjusted to be U/14, where U is the experimentwise type I error rate.  

Results 

MR images were collected over three trials at five scanning centers using 2D PC MRI 

and 4D Flow. Trial 3 at Center 4 and trial 2 at Center 5 were excluded from analysis due to a 

bubble detected in the entrance tubing during scanning; all other scanning centers (Centers 1, 4, 

and 5) had three successful trials for each imaging modality that were included in analysis.  

Agreement of CSF Velocity Detection by 4D Flow versus 2D PC MRI  

Our statistical analysis concluded that 4D Flow and 2D PC MRI are comparable methods 

for CSF velocity measurements at any scanning center and for any vertebral position. No 
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evidence was found indicating disagreement (p = 0.86, Table 3.5) and there was moderate 

agreement seen in the Bland Altman Plot (Figure 3.4). In all, there was an average difference of 

0.02 cm/s between measurements of each scan type with a 95% confidence interval (CI) of -0.28 

to 0.24 cm/s (Table 3.5) and a maximum difference of 2.9 cm/s (Figure 3.4).  No individual 

center had perfect agreement between 4D Flow and 2D PC MRI values. While the measurements 

showed no discernable trend relating to axial position of measurement, relative clusters formed 

for each scanning center showing that scanning center likely effects velocity measurement. 

Notably, a linear trend arose wherein the average velocity and difference between imaging 

modalities linearly decreased from Center 1 to Center 5, sequentially.   

Repeatability 

Repeatability within centers was relatively consistent with confidence intervals less than 

±2 cm/s (15% of the average measured value of 14 cm/s), (Figure 3.5). 4D Flow and 2D PC MRI 

had similar degrees of repeatability, with some centers showing potentially more consistency of 

2D PC MRI measurements and some showing better consistency of 4D Flow measurements. 

Comparatively, Center 2 showed the greatest degree of repeatability (STD = 0.87 cm/s, Table 

3.6), Center 1 showed the worst degree of repeatability (STD = 1.50 cm/s, Table 3.6), and 

Centers 3 – 5 had relatively moderate repeatability (STD = 1.06 cm/s, 1.18 cm/s, and 1.25 cm/s, 

respectively, Table 3.6). 

Reproducibility 

Peak systolic velocities lacked reproducibility across centers. Specifically, Center 2 (CI = 

-1.26, 0.36 cm/s; Table 3.5) and Center 3 (CI = -2.63, 0.29 cm/s; Table 3.5) were not 

significantly different from our baseline, Center 1, (Center 2: p = 0.27, Center 3: p = 0.12; Table 

3.5) while Center 4 (CI = -3.42, -0.76 cm/s; Table 3.5) and Center 5 (CI = -3.23, -1.76 cm/s; 

Table 3.5) were statistically significantly different from baseline (Center 4: p = 2.2 x 10-3, Center 

5: p = 3.3 x 10-10, Table 3.5). This lack of reproducibility can be seen in Figure 3.6, wherein 4D 

Flow peak systolic velocity measurements displayed worse reproducibility than 2D PC MRI peak 

velocity measurements. Figure 3.4 also depicts this lack of reproducibility, as there is some 

overlap between Centers 1, 2, and 3 but Centers 4 and 5 are noticeably different. On average, 

peak systolic velocities at Center 1 were greater than Center 2 through 5, sequentially (Figure 

3.6). Each center appeared to have a relative offset value of measurements, indicating a 

calibration factor may be useful in future comparative studies of PC MRI measurement values.  
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Discussion 

This study quantifies agreement, repeatability, and reproducibility of 2D PC MRI and 4D 

Flow characterization techniques for the measurement of CSF flow velocities at the 

craniovertebral junction in Chiari malformation.  We found that agreement between 2D PC MRI 

and 4D Flow was good, repeatability within any one scanner was fair, and reproducibility across 

centers was poor. An anatomically realistic in vitro CSF flow model was used to conduct 

experiments performed at five MRI scanning centers. Peak systolic velocities were found to range 

from 8.3 to 17.3 cm/s, which falls within the range of values reported in Chiari malformation 

patients (Table 3.1).  

Agreement 

 Peak systolic velocity values for 2D PC MRI and 4D Flow had overall good agreement 

for all centers analyzed with an average difference of 0.02 cm/s with 95% CI of -0.28 To 0.24 

cm/s (Table 3.5). This finding supports that either technique can be used within a scanning center 

and the results would be comparable within exact slices.  In clinical practice, a specific slice 

location is required for 2D PC MRI, while the slice location to be analyzed with 4D Flow is 

selected after image acquisition by re-slicing of the data.  This provides added flexibility for 

analysis of CSF peak velocities that is not possible using 2D PC MRI.  Our approach aimed to 

acquire 2D PC MRI and 4D Flow with similar spatial and temporal resolution (Table 3.3).  

However, it was not possible to identically match all scanner parameters which may have led to 

some differences in results across protocols.  

 Notably, variance across measurements was greater in 4D Flow results than 2D PC MRI 

(STD = 1.83 cm/s and 1.04 cm/s, respectively, Table 3.6). 4D Flow datasets seem to be closer to 

zero on average than the 2D PC MRI datasets yet the 2D PC MRI data has a narrower range of 

values than the 4D Flow data. That is to say, 2D PC MRI had less variance overall than 4D Flow 

across centers but failed to accurately estimate the mean as well as 4D Flow, therefore indicating 

greater precision and less accuracy in 2D PC MRI than 4D Flow measurements (Figure 3.5). 

Without a “Gold Standard” known peak CSF velocity in the in vitro model, the underlying factor 

leading to this variance requires further research. This technique-based measurement variance can 

be seen in Figure 3.4, where all measurements lie within ± 3 cm/s.  Here, the overall good 

agreement between the techniques is apparent, but the relative clustering of values based on 

scanning center reveals an important insight into the reproducibility and repeatability of 

techniques. These center-based clusters could be due to scanner-specific effects at each center, 

wherein each scanner has a quantifiable effect on the measurements it makes. With a more 
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focused research study, these scanner-effects can be understood and potentially mitigated by use 

of a standardized scanner calibration technique. 

Repeatability  

 Repeatability of measurement values within any scanner was dependent on each 

individual scanning center. This variance could be due to axial slice location relative to the model 

anatomy as peak velocity can vary significantly across the caudal brain and cervical spine. The 

difference in peak CSF velocity across axial positions was found to be significantly different from 

the foramen magnum (FM) baseline in four of eight locations (p < 0.05/14=0.0036, Table 3.5). 

Therefore, some variance is expected in the model and will likely be even greater in vivo. Figure 

3.5 provides a visual depiction of the repeatability of either technique in each center where each 

measurement value was subtracted from the average peak systolic CSF velocity across axial 

positions for each center. Specifically, the horizontal bars across each box represent the median of 

each dataset; the closer this median bar is to zero, the better the repeatability within that center for 

that scanning technique.  

Reproducibility 

 Overall, the most important factor leading to measurement inconsistency in our study was 

lack of reproducibility across MRI scanning centers. Figure 3.6 shows that across axial positions, 

each center tended to have a relative offset based on the specific scanner used. In general, Center 

1 reported the highest values for peak systolic CSF velocity followed by each other center 

sequentially, with Center 5 generally having the lowest reported peak systolic velocity values. 

This scanner-specific relative offset could be indicative of systemic difference across scanners. 

As mentioned above, this relative offset at each center is an important source of variance between 

scanning centers and could potentially be corrected by a standardized calibration procedure. This 

variance between scanning centers could potentially be due to scanner specific field 

inhomogeneity, eddy current generated during scanning, and/or inconsistency of the in vitro 

experimental set up. It is possible to eliminate eddy current offsets in 4D Flow scans by use of a 

zero-flow condition, whereby the resultant velocity field from that measurement can be applied 

for correction, but was not done here as this research is clinically oriented and sought to mimic in 

vivo conditions. Therefore, variance due to eddy current offsets during scanning are expected to 

be representative of those found in a clinical setting. We sought to reduce the effect of scanner 

specific field inhomogeneity with post-processing techniques, but it is to be expected in every 

clinical setting that there will be local magnetic field inhomogeneities and/or gradient imbalances 

that could be inconsistent over the whole field of view. To mitigate any potential experimental 



25 
 

 

inconsistency, experiments were conducted with identical conditions across all centers including 

use of identical tubing, fittings, and computer controlled oscillatory pump and identical control 

waveform (see Methods). Additional details on the in vitro system are also provided by Thyagaraj 

et al. [64]. Further, reproducibility varies slightly at different axial positions of imaging. This 

reproducibility is exaggerated at lower vertebral positions, with statistically significant 

differences at the C3, C4, C6, and C7 positions. Notably, C7 had the greatest significance (p = 

9.5x10-12 < 0.05 /14 = 0.0036) and the largest effect size (-2.17, -1.24) of any vertebral position. 

At higher axial positions, specifically the FM – C2 levels, the difference is not significant. 

Therefore, we do not believe vertebral position contributed greatly to the lack of reproducibility. 

Case Study – Comparison of Centers 2 and 3 

 Centers 2 and 3 utilized the same machine and provide an interesting case study, 

therefore a secondary statistics model was utilized wherein Center 2 was used as the reference 

rather than Center 1 (Appendix A, Table A.1). A statistically significant difference was found 

between Center 2 and Centers 4 and 5 (p = 1.4 x 10-6 and 4.1 x 10-22, respectively); no significant 

difference was found between Center 2 and Centers 1 and 3 (p = 0.27 and 0.11, respectively). 

These results show that while Centers 2 and 3 utilized the same machine and had a small amount 

of clustering (Figure 3.4), Center 2 was most similar to Center 1, therefore utilizing the same 

type of machine does not guarantee how similar results will or will not be. Based on this, scanner 

calibration procedures should potentially be developed based on individual scanning machines. 

Relevance of Findings to Clinical Diagnostics for Chiari Malformation 

A meta-analysis of similar studies in literature and previous investigations of healthy and 

Chiari CSF dynamics reveal important insights for the clinical application of novel PC MRI peak 

velocity quantifications in the cervical spine. Figure 3.1 shows that these previous investigations 

of CSF dynamics reported consistently elevated peak CSF velocities in Chiari patients compared 

to healthy controls at every vertebral level, with a maximum difference of 6.9 cm/s at the C1 

position. This difference points towards an underlying physiology of Chiari malformation at the 

C1 vertebral position that could be leveraged for improved diagnostics pending reliable detection, 

which requires disagreement between groups to be less than the effect size. Good agreement 

between 2D PC MRI and 4D Flow measurements indicates both methods would be acceptable in 

clinical use to characterize CSF dynamics. We also found intra-scanner repeatability of either 

measurement type to be good, but inter-scanner reproducibility was poor. This lack of 

reproducibility may help us understand previous studies with conflicting results regarding Chiari 

CSF dynamics. Mitigation of the lack of reproducibility across centers could be achieved with a 
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standardized calibration procedure such as generating scanner specific reference values for 

healthy volunteers. 

Limitations 

 Several limitations have been identified within this study, the use of an in vitro model 

being the primary limitation. To better understand each parameter and its specific effects on 

measurement variability, a simple model with an analytical solution could be investigated in 

future studies with varying levels of complexity, though this was not done here as the focus of 

this research was for Chiari Malformation applications. We utilized an in vitro subject specific 

model of a pediatric Chiari patient, but in vivo studies are needed to understand the full range of 

physiologically-rooted variability that can occur such as the impact of respiration, movement 

artefacts, etc. The use of a pediatric Chiari patient for a subject specific model results in data that 

is not representative of all conditions and individual anatomies, limiting the application of these 

results to adult populations and other disease populations. The precise 3D flow field in the in 

vitro models has not been validated for any specific Chiari patient. This model used one 

representative flow waveform to control the oscillatory pump, which introduces further 

specificity of these results and limits a broader application. Importantly, the use of a rigid model 

here is not realistic to in vivo situations. Rigid model structures do not model tissue properties 

therefore flow field characteristics of such models cannot be accurately assessed and must be 

taken into consideration in the application of results shown here. Future studies to detail and 

develop an in vitro model of these tissue properties are necessary. Depending on the sensitivity of 

the measurements, the location of the imaging plane can cause error in the results and introduce 

an operator bias in the data. Operator dependence has been detailed by previous studies [58, 66] 

and therefore was not included here as a parameter of interest.  

This study focused on measurement agreement, repeatability, and reproducibility and did 

not quantify a “Gold Standard” measurement for quantification of accuracy. While we sought to 

set up identical experiments at each center for each trial, the computer-controlled oscillatory 

pump can only control the waveform input to the inlet. Although tubing was relatively rigid, the 

exact waveform at the model outlet cannot be known without independent quantification. The 

exact waveform could be quantified by independent measurement of CSF velocities by flow 

measurement with laboratory bench-top devices but was outside the scope of this study. Finally, 

the use of computational flow dynamics could be used to further characterize velocity field errors 

and an accuracy based on the input flow waveform. Computational flow dynamics have been 

detailed in a study previously done by our group [47] and therefore were not included here.  
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Conclusion 

A patient-specific in vitro model of Type I Chiari malformation was used to quantify 

agreement, repeatability, and reproducibility of 2D PC MRI and 4D Flow quantification of peak 

CSF velocities.  The single greatest factor leading to measurement inconsistency of peak CSF 

velocities was lack of inter-scanner reproducibility.  Taken in combination, the results help 

identify sources of error that can be improved to allow better application of CSF velocity 

detection for medical diagnostic purposes.  Overall, both 2D PC MRI and 4D Flow techniques 

show promise as diagnostic tools to quantify CSF dynamics in Chiari malformation. 

 



 
 

 

Tables 

Table 3.1. Literature review of 2D PC MRI (N = 208) and 4D PC MRI (N = 49) in vivo measurements of peak CSF velocities in healthy (H, N = 91) and Chiari 

malformation patient (P, N = 166) cases (Note: the peak velocities denoted by an asterisk were measured at points/probes and not throughout the axial plane). 
H* indicates healthy subjects with a syrinx. 

Study 
MR 

sequence 

Subject (N) 
Healthy / 
Patient 

Axial 
region 

Peak 
reported 
velocity 
(cm/s) 

In-plane 
resolution 

(mm) 

Slice 
thickness 

(mm) 

# of 
phases 

per cycle 
Venc 
(cm/s) MR Scanner 

Bunck et al. (2011) 
[67] 4D PC MRI 

H (10) 
FM 
C1 
C2 

3.6±2.0 
3.6±0.8 
4.5±1.0 1.5 1.5 12-14 10,15 1.5T Philips 

Achieva 2.6 
P (2) C2/C3 19.7 ± 0.2 

Bunck et al. (2012) 
[27] 4D PC MRI 

H (10) 
FM 
C1 
C2 

3.2 ± 1.0 
3.6 ± 0.8 
4.0 ± 1.0 1.5 1.5 12-14 20 1.5T Philips 

Achieva 2.6 
P (20) 

FM 
C1 
C2 

7.6 ± 5.0 
12.8 ± 11.3 
8.4 ± 6.9 

Yiallourou et al.(2012) 
[68] 4D PC MRI 

H (3) FM 5.2 ± 1.8 
1.5 1.5 N/R 

10 1.5T Philips 
Achieva 2.6 P (4) FM 11.8 ± 9.0 20 

Shah et al. (2011) 
[69] 2D PC MRI P (17) 

FM to 
C2 
C4 

5.6 ± 2.6 
7.5 ± 2.4 0.7 5 14 10 N/R 

Houghton et al. 
(2003) [70] 2D PC MRI 

H (10) FM 2.8 ± 1.0 
0.7 5 14 10 1.5T scanner 

P (8) FM 4.0 ± 1.0 
Dolar et al. (2004) 

[71] 2D PC MRI P (8) FM 6.8 ± 5.1 0.7 5 14 10 N/R 

Kruger et al. (2010) 
[22] 2D PC MRI P (45) FM 6.3 ± 4.0 0.7 5 14 10 1.5T scanner 

Hofmann et al. (2000) 
[72] 2D PC MRI H (18) C2/C3 3.1 ± 1.7* 0.7 5 16 10 1.5T scanner 

Iskandar et al. (2002) 
[73] 2D PC MRI H (1) FM 4.2 0.7 5 14 10 1.5T scanner P (8) FM 9.7 ± 2.3 

Rutkowska et al. 
(2012) [74] 2D PC MRI P (3) FM 7.5 ± 3.5 0.7 5 N/R 10 1.5T scanner 28 



 
 

 

Loth et al. (2001) [75] 2D PC MRI H (1) C2/C3 4.0 0.7 5 N/R 3-15 
1.5T Signa, GE 

Medical 
Systems 

Cheng et al. (2012) 
[76] 2D PC MRI H (1) C5 2.2* N/R 5 N/R N/R 3T Philips 

Achieva TX 
Alperin et al. (2014) 

[54] 2D PC MRI 
H (37) C2 1.72 ± 0.06 Anisotropic 

0.56 x 0.6 5 – 6 32 7 – 8 3T Magnetom 
Verio, Siemens  P (36) C2 1.61 ± 0.05 

Alperin et al. (2015) 
[77] 2D PC MRI P (15) C2 1.93 ± .78  0.56 5 N/R 7 – 8  3T Magnetom 

Trio, Siemens 
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Table 3.2. Literature review of repeatability, reproducibility, and agreement studies of PC MRI fluid velocity quantification techniques. 

 

 

 

Location Study In vitro In vivo Protocol 
Repeatability 

(STD, σ) Reproducibility Agreement Intra-rater Inter-rater Accuracy 

Cervical Spine Williams et al. (2020) x  
2D PC MRI 1.04 cm/s 

Table 5 Table 5    
4D Flow 1.83 cm/s 

Cervical Spine Pahlavian et al. [47] 
(2016) x  4D Flow      ±1.8 cm/s 

95% CI 
Cerebral 
Aqueduct  

Sakhare et al. [46] 
(2019)  x 2D PC MRI 0.042 mL/s   0.99 ICC 0.99 ICC  

Cerebral 
Aqueduct 

Luetmer et al. [57] 
(2002) x x 2D PC MRI 0.291 mL/s   6.4% CV 5.4% CV  

Cerebral 
Aqueduct 

Tawfik et al.  [56] 
(2017)  x 2D PC MRI 1.9 cm/s   0.88 ICC 0.88 ICC  

SAS  Sakhare et al. [46] 
(2019)  x 2D PC MRI 0.981 mL/s   0.94 ICC 0.94 ICC  

Upper C2 Koerte et al.   [78] 
(2013)  x 2D PC MRI    0.881 ICC 0.985 ICC  
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Table 3.3. MRI protocols used for 2D PC MRI and 4D Flow MRI acquisition. 

Parameter 2D PC MRI 4D Flow MRI 
Spatial resolution 1.5x1.5x3 1.5x1.5x1.5 

FOV [mm] 150x180 150x180x40 
Number of heart phases 16 16 

Parallel Imaging no 2 
Sym. Enc. yes yes 
Halfscan no 0,75/1 

Partial Echo no no 
TR 5.5 7.5 
TE 3.9 4.6 

Flip angle 10 5 
RF Spoiling yes yes 
Scan Time 32s 14m35s 

BW 866 866 
VENC 15 15 

k-space segmentation factor 2 1 
Trigger delay 7 ms 7 ms 

Distortion correction yes yes 
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Table 3.4. Distance of between axial planes imaged. 

Imaging Plane Distance from FM [mm] 
FM 0 
C1 12.7 

C2M 25.7 
C2B 31.2 
C3 35.7 
C4 44.7 
C5 53.7 
C6 63.7 
C7 72.7 
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Table 3.5. Effect sizes and corresponding p values estimated from the linear mixed-effects model for 
velocity measurements. The mean effect size is provided, along with the 95% confidence interval (CI).   
We used Bonferroni correction to account for multiple testing. * represents statistical significance under 
Bonferroni correction where p < 0.05/14=0.0036. 

Effect Effect Size (95% CI) [cm/s] p value 
Intercept  

(Center 1: 2D PC MRI at FM) 14.16 (13.12, 15.21) 4.4 x 10-74* 

Scan type (4D – 2D) -0.02 (-0.28, 0.24) 0.86 
Center 2 -0.45 (-1.27, 0.36) 0.27 
Center 3 -1.17 (-2.63, 0.29) 0.12 
Center 4 -2.09 (-3.42, 0.76) 2.2 x 10-3* 
Center 5 -2.52 (-3.23, -1.76) 3.2 x 10-10* 

C1 -0.80 (-1.37, -0.23) 0.006 
C2M -0.49 (-0.96, -0.02) 0.042 
C2B 0.01 (-0.46, 0.48) 0.95 
C3 -1.21 (-1.67, -0.75) 6.22 x 10-7* 
C4 -1.36 (-1.85, -0.87) 1.08 x 10-7* 
C5 -0.54 (-1.15, 0.07) 0.084 
C6 -1.26 (-1.77, -0.75) 2.0 x 10-6* 
C7 -1.71 (-2.17, -1.24) 9.5 x 10-12* 
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Table 3.6. Standard deviations of scanning centers for scanning type data subsets and over the entire 
dataset. 

 2D PC MRI [cm/s] 4D Flow [cm/s] Overall [cm/s] 
Center 1 1.13 1.58 1.50 
Center 2 0.93 0.74 0.87 
Center 3 1.00 1.22 1.06 
Center 4 0.69 1.38 1.18 
Center 5 1.08 0.92 1.25 
Overall 1.04 1.83 1.49 

 

 

  



 

 

35 

Figures 

 

Figure 3.1. Summary of the average peak CSF velocities reported in 2D PC MRI (a) and 4D PC MRI (b) 
literature for healthy subjects and Chiari malformation patients pre-decompression surgery.  Average 

values in figure are weighted by number of subjects within each study. Error bars represent pooled reported 
standard deviation for studies included in each group. The total number of healthy and Chiari malformation 

patient studies included is 91 and 166, respectively (see Table 3.1 for individual values). FM = foramen 
magnum. 
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Figure 3.2. (a) Development of in vitro models based on subject specific scans. First, subjects were 
scanned to produce a T2 anatomical MRI and a 4D Flow MRI. The anatomical MRI was then used as a 

basis for the 3D model. The 4D Flow MRI allows the determination of the cerebrospinal fluid (CSF) flow 
waveform which informs a computer-controlled pump. The model is then connected to the pump and 

scanned at each MRI center. (b) Cross section of the completed model. 
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Figure 3.3. Axial positions of 2D PC MRI and 4D Flow MRI velocity measurements with flow inlets and 
outlets indicated. Distance between imaging planes can be found in Table 3.4. A = anterior, P = posterior, 

S = superior, I = inferior; FM = foramen magnum. 
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Figure 3.4. Bland-Altman plot showing agreement between 2D PC MRI and 4D Flow measurements; the 
trendline of the data is indicated by the black line, the mean of the differences is shown in blue, and the 

mean ± 2STD is indicated by the red lines. 
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Figure 3.5. Box plot showing the difference between average velocity measurement at each axial location 
and each individual axial velocity measurements at each center. Top and bottom of boxes indicate 25th and 

75th percentile of values with horizontal lines indicating the median of each value set and outliers 
represented as red cross marks. 
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(a) 

(b) 

Figure 3.6. (a) Peak systolic 2D PC MRI CSF velocity at each axial position for each center. (b) Peak 
systolic 4D Flow CSF velocity at each axial position for each center. Error bars shown represent 

standard deviation. 
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Chapter 4: Quantification of Cardiac-Related Neural Tissue Motion in 

Type 1 Chiari Malformation: A Case Control Study pre- and post-
Spinal Decompression Surgery 

 

Abstract 

Objective:  

To evaluate tissue motion relative to two neighboring regions in the craniovertebral 

junction with 2D PC MRI to test the hypothesis that significant differences exist between the 

absolute maximum relative motion of the spinal cord in pre- and post-operative type I Chiari 

Malformation (CMI) patients compared to healthy controls, as well as between CMI patients 

before and after surgical intervention. 

Methods:  

Ten healthy volunteers and ten Chiari patients were scanned using 2D PC MRI to 

quantify neural tissue displacement of three different regions of interest within the craniovertebral 

junction. Chiari patients were scanned before and after surgical intervention. Relative tissue 

motion was then defined as the difference between two regions of interest investigated here and 

compared across all groups.   

Results:  

In the limited cohort analyzed, no statistically significant differences were found in 

relative neural tissue motion at the craniovertebral junction between any groups (q > 0.10) but 

tonsillar position was found to be significantly different between groups. 

Conclusion:  

While the results presented here are limited by the sample size and imaging resolution, 

there is some evidence that relative tissue motion could be a parameter of interest and should be 

studied further to better understand the underlying CMI pathophysiology. 
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Introduction 
Repetitive central nervous system (CNS) tissue motion occurs over 30 million cardiac 

cycles per year due to intracranial pressure differences from the cerebral blood flow (CBF) and 

cerebral spinal fluid (CSF). This repetitive tissue motion results in stress acting on the CNS that is 

complex in terms of both its magnitude and distribution. Over time, stress on the CNS may 

damage tissue which can manifest symptoms of Chiari Type I Malformation (CMI). 

 Currently, CMI is a poorly understood disease with diagnostic standards that do not relate 

to the presence or severity of symptoms that define the disease.  CMI has an estimated prevalence 

in the general population of about one in 1000, but the majority of these cases are asymptomatic 

[79]. This difference between those diagnosed and those afflicted with symptoms and therefore 

clinically significant CMI abnormalities is due to a lack of understanding the CMI disease 

pathophysiology, resulting in a mismatch between those diagnosed and those in need of 

intervention.  

Modern medical imaging techniques, such as magnetic resonance imaging (MRI) cannot 

directly measure tissue stress non-invasively, but MRI can be used to quantify bulk tissue motion 

and displacements [13, 80-82]. Some previous studies have quantified neural tissue motion in 

Chiari malformation patients compared to healthy controls using a variety of MRI methods but 

many of these studies had limited sample sizes and few compared Chiari malformation patients 

pre- and post- decompression surgery; these results are shown in Table 4.1. These studies are 

roughly stratified by the imaging region of interest, focusing on either the spinal cord or the 

cerebellar tonsils. Of the six spinal cord focused studies included here, three found significant 

differences in reported cardiac-induced neural tissue motion metrics between Chiari patients and 

healthy controls. Alperin et al. [53] used phase contrast MRI (PC MRI) to quantify bulk motion in 

healthy controls and Chiari malformation patients at the C2 spinal cord location but did not report 

a statistically significant difference in spinal cord motion between patients and controls. This 

same group performed a later study [54] utilizing similar methods and did find a significant 

difference in peak spinal cord displacement between patients and controls.  Similarly, Hofmann et 

al. [72] and Lawrence et al. [83] used axial PC MRI at the C2 spinal cord location and found a 

statistically significant difference between the bulk motion of healthy controls and Chiari 

patients. However, Terae et al. [84] did not find any statistically significant differences in bulk 

spinal cord motion between healthy controls and untreated Chiari patients. In regard to cerebellar 

tonsil motion, two of the five studies included here found significant differences between patient 

populations and healthy volunteers. Pujol et al. [85] used PC MRI and found a statistically 
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significant difference between bulk motion of the sagittal tonsil in Chiari patients and controls 

while Leung et al. [86] saw significant differences between patients and controls using cine 

balanced fast field echo imaging.  In contrast, neither Yiallourou et al. [60] nor Cousins et al. [87] 

found significant differences in sagittal tonsil bulk motion between controls and Chiari patients 

using Balance TFE and T2 cine loop methodologies, respectively. While six of these thirteen 

studies included here did show statistically significant differences between treatment groups, 

there exists no standard quantitative linear metric of motion and no two studies showing 

significance utilized the same methodologies to do so, which severely limits the application of 

these results in practicum.  

At present, cardiac-induced CNS tissue stress cannot be non-invasively measured 

directly. However, this stress induces tissue motion that can be non-invasively measured by 

advanced MRI modalities. This study utilized modern MR imaging and post-processing 

techniques with aims to quantify differences in cardiac-induced neural tissue motion via novel 

impaction parameters representing relative displacement between neural regions of interest 

(ROIs). Specifically, we evaluated the relative motion of three different ROIs, the spinal cord, the 

cerebellar tonsil, and the pons. We tested the hypothesis that significant differences exist between 

the absolute maximum relative motion of the spinal cord in pre- and post-operative CMI patients 

compared to healthy controls, as well as between CMI patients before and after surgical 

intervention. To understand physiological effects of neural tissue impaction, these parameters 

were compared between Chiari malformation patients and healthy controls, as well as in Chiari 

malformation patients before and after decompression surgery.  

 

Methods and Materials 

Patients 

 Approval for this prospective study was granted by the Emory University institutional 

review board (Appendix C) and all subjects gave informed written consent. Ten patients with 

clinically diagnosed CMI from 18 to 58 years of age with TP ≥ 3-5 mm were prospectively 

enrolled. Patients were required to meet clinical and diagnostic criteria for inclusion in this study. 

TP was used as an initial screening criterion and the clinical diagnosis was confirmed by the 

treating surgeon based on all diagnostic information and patient presentation. 

 Patients and controls were recruited following the methods outline by Lawrence et al. 

[83]. In brief, patients were recruited from a pool of individuals scheduled to receive imaging or 
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evaluations for CMI. Controls were recruited from a random pool of individuals without a history 

of neurological maladies or symptoms. Patients with the following were excluded: craniospinal 

deformity, Dandy-Walker malformation, Ehlers-Danlos syndrome, spinal fusion, previous 

decompression surgery, syringomyelia, or additional neurologic disorders. All ten patients 

received surgical intervention (ten female, age 39 ± 24 years) as treatment for their Chiari 

malformations. Ten control individuals were included from 18 to 50 years of age with age 

matched to the patient group (four female, six male; ages 35 ± 16 years). Controls with organ 

diseases, neurologic conditions, and craniospinal deformity were excluded. Data for all patients 

with CMI and control individuals were obtained from March 2011 to August 2014. Table 4.2 

summarizes CMI patient clinical presentation.  

Surgical Technique 

The surgical technique used here is detailed in Lawrence et al [83]. 

In vivo PC-MRI.  

An almost identical MRI protocol was obtained for all patients enrolled in this study. Due 

to issues with the original volunteer group, a later round of imaging for a new volunteer group 

resulted in a slightly different pixel spacing for half of the volunteer group. Patients were scanned 

both preoperatively and postoperatively with a mean postoperative follow-up time of 2.25 months 

± 1.5 months. Mid-sagittal scans with thru-plane (superior – inferior) velocity encoding (Venc = 

10 cm/s) and slice thickness of 5-6 mm were acquired of the entire upper spinal cord with 

imaging planes oriented perpendicular to the CSF flow direction and imaging parameters based 

on Lawrence et al. [83]. All scans were electrocardiographically trigged with retrospective gating 

resulting in 128 phases. Scan time was approximately 5 minutes. Images were acquired using a 

3T Siemens Magnetom Trio TIM, Siemens Corp., Berlin, Germany). 

PC-MRI Post-Processing.  

Impaction was quantified as the maximum absolute difference in the average 

displacement of two different regions of interest (ROIs), specifically between the spinal cord and 

either the cerebellar tonsil or the pons.  Positive impaction values were therefore indicative of the 

tonsil or pons ROI moving more downwards than the spinal cord at that time point, while a 

negative value indicates the spinal cord is moving more downwards than the tonsil/pons ROI at 

that time point; impaction values of zero indicate synchronized movement of the spinal cord and 

the tonsil/pons. Average displacement of an ROI was based on the integral of the average ROI 

velocity throughout the cardiac cycle. PC-MRI images were post-processed using an in-house 

code developed in MATLAB (version 2019a [MathWorks, Natick, Massachusetts, USA]). An 
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ROI was manually selected with an interactive selection tool in MATLAB (Figure 1). Pixels near 

the edges bordering CSF were omitted.  

The average velocity of all pixels within an ROI was computed at each time step then 

multiplied by the time increment to derive displacement at that time step. Displacement was then 

integrated using the trapezoidal rule via the cumtrapz function in MATLAB (version 2019a 

[Mathworks]). Displacement results were then stratified into two categories: bulk motion and 

relative motion. Bulk motion of any one ROI is defined as the peak average displacement for that 

ROI across the cardiac cycle. Relative motion is defined as the difference in displacements of two 

separate ROIs, furthered specified as spinal cord impaction, the difference between the spinal 

cord ROI and the pons ROI, and spinal cord compression, the difference between the spinal cord 

ROI and the cerebellar tonsil ROI. Peak spinal cord impaction was quantified as the absolute 

maximum difference between displacement of the spinal cord and the secondary ROI, either the 

pons or the cerebellar tonsils (Figure 4.1). Eddy current offsetting was applied velocities within 

each ROI to ensure zero average velocity over the cardiac cycle (Appendix B, Figure B.1). 

Systolic synchronization of each data set was performed by shifting the velocity data sets for each 

ROI based on the local maxima that occurs closest before peak systole as defined by the spinal 

cord ROI. To find this local maximum, first peak systole is found as defined by the global 

minima of the spinal cord ROI velocity data. Next, all local minima before this time point are 

found and the local minima that occurs closest before the point of peak systole is chosen. This 

pre-peak systole minimum is then used as the point by which each ROI’s velocity will be 

synchronized to. Each individual data set was processed by two separate operators, and each 

operator repeated the analysis in triplicates. Datasets were analyzed sequentially within a subject 

group and only repeated after each subject group was analyzed to reduce operator fatigue and 

bias.  

Each ROI was drawn over a magnitude image of that subject. First, the pons ROI was 

drawn as follows: starting at the superior pontine notch, a straight line is drawn toward the fourth 

ventricle, then the posterior limit is defined by the anterior edge of the fourth ventricle and the 

lower limit defined by the inferior pontine notch. Next, the upper spinal cord/lower medulla 

region was selected as follows: using the C2 vertebral position as the lower limit, the ROI is 

drawn around the spinal canal, avoiding any cerebellar tonsillar ectopia (if present), and stops at 

the foramen magnum, the upper limit of the spinal cord ROI.  
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Statistical Analysis  

In our study design, the patients were measured before and after the surgery, whereas the 

controls were measured only once.  We therefore first analyzed the patient data to examine the 

effect of the surgery, and then separately compared the patients’ data before surgery to the 

controls, as well as the patients’ data after surgery with the controls.  For each analysis, we 

analyzed the raw data from the triplicates.  We also took the average of the triplicates and 

analyzed the average data, as taking the average of the triplicates could potentially reduce the 

noise in the raw measurements.   

When analyzing the triplicate data, we developed the following linear mixed-effects 

model for each parameter in order to account for the variation among the triplicates: 

 " = $! + $"&" + $#&# + $$&$ + $%&% + '" + (, Equation 4.1 

where " is the parameter of interest, $s are the fixed effects, '" is the random effect among the 

repeated measurements of the same individual, and ( is the error term.  In addition, &" is the 

treatment, &# is the ROI size, &$ is the age, and &% is the sex.  The “treatment” variable refers to 

before versus after surgery when we analyzed the patient data, and patient versus control when 

we compared the two groups.  The last covariate “sex” was omitted when we analyzed only the 

patients, all of whom are female. 

Using the averaged data, we developed the following linear model for each parameter: 

 " = $! + $"&" + $#&# + $$&$ + $%&% + (. Equation 4.2 

The symbols have the same definitions as above.  Note that this model has only fixed effects and 

no random effects. 

In each linear model, we estimated the effect sizes $s and computed their p-values.  To 

account for multiple testing, we applied the q value method [88] to the p-values for the 

“treatment” and ROI size variables.  The p-values for age and sex were excluded from this 

adjustment, as they were not our interest and their values were generally large. 
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Results 
MR images were collected for CM-I patients pre- and post- decompression surgery. Pre-

operative scanning images for patient 10 were corrupted and post-operative complications with 

patient 07 resulted in no imaging performed, therefore these subjects were excluded from this 

analysis, resulting in a final pre-op and post-op patient sample size of N = 9 for comparisons to 

controls, N = 8 for comparison within patients. All other subjects and controls had successful 

scans and were included in analysis. Statistically significant results are summarized in Table 4.3. 

All unadjusted p-values and q values can be found in Table 4.4. 

Bulk Tissue Motion 

 Bulk tissue motion was defined as the absolute peak displacement for any pixel in an ROI 

at peak systole and characterized for the pons, cerebellar tonsils, and the lower medulla/upper 

spinal cord (Table 4.5, Figure 4.3). Peak systole was defined as the time point with the greatest 

spatial average across the ROI. Comparisons between patients and controls, pre-operatively and 

post-operatively, revealed no significant differences in the peak bulk motion of any ROI. No 

significant differences in bulk tissue motion were found between patients and controls, pre- nor 

post-operatively (Table 4.4).   

Spinal Cord Impaction in CMI Patients Compared to Healthy Volunteers 

 Results for all subjects are listed in Table 4.5; relative tissue motion results for all 

patients and controls are plotted in Figure 4.4. No significant differences in spinal cord – tonsil 

nor spinal cord - pons impaction were found between patients and controls, pre-operatively nor 

post-operatively. Absolute peak spinal cord – tonsil impaction was found to have a moderately 

significant difference (p = 0.096 < 0.10) between patients and controls before adjustment of p-

values for the false discovery rate, but this difference failed to remain significant after FDR 

adjustment using the Benjamini-Hochberg (q = 0.23, Table 4.4).   

Effect of Posterior Fossa Decompression (PFD) Surgery on Tissue Motion 

 Bulk tissue motion of the spinal cord, pons, and cerebellar tonsil regions were not 

significantly different in patients after receiving surgical intervention. Peak spinal cord impaction, 

the maximum absolute difference in motion between the spinal cord and either the cerebellar 

tonsils or pons, is reported in Table 4.5 and depicted in Figure 4.4 Differences between patients 

pre- and post-operatively were minimal and showed no statistically significant differences (Table 
4.4).   
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Relationship of Spinal Cord Impaction with Tonsillar Position 

 Spinal cord impaction results were plotted against cerebellar tonsillar position for each all 

subjects, both pre- and post-operative patients and controls (Figure 4.5 a-b). Mean and standard 

deviation for tonsillar position for pre-operative patients (N = 8), controls (N = 6), and post-

operative patients (N = 9) were 8.5 ± 6.0 mm, -1.2 ± 2.7 mm, and 6.7 ± 4.0 mm, respectively. 

Pearson correlation coefficients for average and peak spinal cord impaction parameters generally 

lacked meaningful correlations (Appendix B, Table B.1). Tonsillar position measurements 

compared between post-operative patient and controls were found to be significantly different 

across all comparisons of parameters between groups (q value < 0.05, Table 4.4). 

Operator Effect 

  Two operators analyzed each data set three separate times with overall good agreement. 

This overall good agreement between the operators can be seen in Figure 4.6, where all but two 

data points fall within ± 0.12 mm (± 2STD). Further, regression analysis of each ROI revealed an 

R2 = 0.97 for the pons and cerebellar tonsil regions (Appendix B, Figure B.2) while the upper 

spinal cord/lower medullar region had an R2 = 0.57 (Appendix B, Figure B.2).  

Effect of Averaging Measurements 

Statistical analysis was performed using both the average result of triplicate 

measurements as well as over each triplicate measurement to identify the effect of averaging on 

analysis results. Overall, significance had no discernable trend when comparing the use of all 

measurements versus using averaged values from repeated measurements. Of the 18 comparisons 

performed here using all three triplicates for statistical analysis, six comparisons showed 

significance at 0.1 level but only two comparisons were found to be significant when using the 

averaged result for analysis (Table 4.4). Of the two significant comparisons that resulted from 

both average and triplicate statistical analysis, only one remained significant after FDR 

adjustment, indicating that any one measurement may not accurately capture the true mean for 

that subject. 

Discussion 

Patients and volunteers were scanned using 2D PC MRI and velocity measurements for 

specific ROIs were integrated for displacement values for characterization of bulk tissue motion 

parameters and relative tissue motion parameters. Tissue motion results were then compared 

across patients before and after surgical intervention, as well as between patients and controls, 

both pre- and post-operatively. In brief, the Benjamini-Hochberg correction for false discovery 

rates was used to ensure true statistically significant differences are identified among the 21 
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comparisons made in this analysis. Of these comparisons, statistically significant differences were 

found among tonsillar position measurements of patients and controls, pre- and post-operatively 

(Table 4.4). 

Comparison of Results to Previous Studies 

To our knowledge, this is the first study to quantify relative tissue motion parameters 

defined by the difference in motion between two regions across the cardiac cycle. We performed 

a meta-analysis of previous studies that quantified neural tissue motion and found relatively 

inconsistent results reported across the literature (Table 4.1). Figure 4.7 depicts the results of this 

meta-analysis for studies that reported comparable metrics, showing that the results found in this 

study are relatively similar to what appears in literature. Of the 12 studies included here, half 

reported statistically significant differences between patients before surgical intervention and 

healthy controls while the other half saw no significant differences in bulk tissue motion. This 

lack of consistency in results could be due to different methodologies in imaging parameters, 

location and orientation of imaging planes, or differences in the post-processing image analysis. 

Notably, Alperin et al. [53, 54] limit errors due to baseline drift with a constraint of net-zero 

displacement over the cardiac cycle, while the methods used here applied an eddy-current offset 

by constraining the velocity to net-zero over the cardiac cycle, similarly to Lawrence et al. 2018 

[83]. Anatomical location of the imaging planes and orientation can play a significant role as 

well, as demonstrated by the two studies performed using axial imaging planes both showing 

significant differences between patients and controls. Of the 10 sagittal studies included, four 

showed significant differences between patients and controls, and of those four studies, two used 

2D PC MRI. This is understandable, as most clinics make use of 2D PC MRI therefore a greater 

density of studies utilize this clinically relevant methodology and more results with significant 

differences are reported from 2D PC MRI studies. Without clear indication from previous studies 

reporting consistently significant differences in bulk tissue motion between CMI patients and 

healthy controls, it is difficult to conclude that a truly relevant underlying physiology exists 

within these tissue motion parameters. We speculate that these bulk motion parameters are not 

sufficient to characterize the important underlying physiologies of tissue motion. To make 

meaningful comparisons using tissue motion, we propose relative tissue motion as a parameter of 

interest to better characterize differences in the CMI disease state and understand the underlying 

CMI pathophysiology. 
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Relationship of Neural Tissue Motion and CMI Pathophysiology 

 In all, some differences were seen between the relative tissue motion of healthy 

volunteers and CMI patients wherein the average relative motion was positive in the healthy state 

and tended to be closer to zero than that seen in the diseased state (Figure 4.8). Statistical 

analysis using a Benjamini-Hochberg correction for false discovery rates did not show any 

statistically significant differences in peak spinal cord impaction between pre-operative patients 

and controls, but unadjusted p-values indicate some moderately significant differences between 

the peak spinal cord-tonsil impaction of untreated patients and controls (Table 4.5). This 

moderate significance indicates that there could be important differences in spinal cord impaction 

between untreated CMI patients and healthy volunteers, but larger studies are required to confirm 

this significance.  

To further visualize the important differences seen in the CMI physiology, Figure 4.8 
depicts spinal cord impaction with respect the cerebellar tonsil and the pons for all patients pre-

operatively and healthy volunteers. Here, positive impaction values indicate the spinal cord is 

moving less downwards than the tonsil or the pons, negative impaction values indicate the spinal 

cord is moving more downwards than the tonsil or pons, and zero impaction indicates that the 

spinal cord is moving in synchronization with the tonsil or pons. Notably, the absolute peak 

spinal cord - tons impaction values for healthy volunteers tend to be more negative than those of 

CMI patients pre-operatively. The opposite phenomenon is seen in the peak and average spinal 

cord - pons impaction results (Figure 4.8.b). In the healthy state, we see that as systole occurs 

and fluids rush from the head towards the feet, this acceleration causes the spinal cord tissue to be 

pulled downwards with the fluid. This force dissipates within the tissue as you move upwards and 

less downward forces are exerted at more superior locations in the brain such as the tonsils and 

the pons. Mechanistically speaking, the spinal cord should then experience the greatest inferior 

motion of any tissue in the craniovertebral region, followed by the cerebellum, and the least 

motion would be seen with the pons. These predictions seem to be supported by the impaction of 

the healthy volunteers over time; wherein the spinal cord moves the most, resulting in the most 

negative impaction values with respect to the tonsil, and lesser negative impaction values with 

respect to the pons. In the CMI state, we see that this is not exactly the case. Instead, the 

crowding at the foramen magnum caused by the herniation of the cerebellum results in a similar 

motion pattern in both the spinal cord and the tonsil, seen in Figure 4.8.a, wherein the average 

CMI impaction is closer to zero than the healthy state. We postulate that in the CMI disease state, 

the perivascular transport is being impacted by the FM crowding and therefore exerting forces 
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onto surrounding tissue and eventually causing CSF leakage into the spinal canal, resulting in 

syrinx formation. 

Future Directions 

The results here show promise in providing an improved diagnostic basis with further 

research. A greater study cohort differentiating CMI patients with and without syringomyelia, 

hydrocephalus, and other important co-morbidities, could reveal important insights of the CMI 

pathophysiology. Further, a study detailing the bulk and relative tissue motion parameters defined 

here for asymptomatic but radiographically diagnosed CMI patients could provide more 

conclusive evidence for an improved diagnostic basis. Comparisons of tissue motion parameters 

between patients before and after various types of surgical intervention at multiple clinic 

locations would also provide a better understanding of the effects of surgery to improve surgical 

candidate selection. Longer term studies with multiple follow-ups after surgical intervention to 

characterize neural tissue motion parameters could improve understanding of long-term effects to 

improve long-term surgical outcomes and better inform surgical intervention protocols. Finally, a 

detailed study comparing pre- and post-operative patients to healthy volunteers using different 

imaging modalities such as motion tracking, 4D Flow, and DENSE could elucidate underlying 

methodological sources of variances. 

Limitations 

The primary limitation to this study is the small sample size. With a small sample size, 

the false discovery rate when looking at many comparisons can be high, which can make 

meaningful comparisons difficult to make. The short and inconsistent follow-up times across 

patients and controls further limits the results presented here, as longer periods before follow-up 

scans post-operatively could better represent long-term surgical outcomes. Assessment of surgical 

outcomes, both short and long term, are important to improve surgical candidacy selection and 

reduce over- and under-treatment, a common problem within the CMI population. Finally, the use 

of 2D PC MRI is clinically relevant but has limited image resolution which may not be sufficient 

for truly accurate measurements on a physiologically relevant scale.  

Conclusions 

Relative neural tissue impaction may provide a novel physiological basis to determine 

clinical significance of a Chiari malformation that has not been previously investigated. While the 

results here do not provide a conclusive basis for this determination, the moderate significance of 

neural tissue impaction shown here should be explored further.    



  

 

Tables 
 

Table 4.1. Literature review of previous studies detailing tissue motion at the craniovertebral junction. * represents studies that found a statistically significant 
difference between untreated Chiari malformation type I (CMI) patients and healthy controls.  

Study MRI Method 
Imaging 

Plane Location Healthy Patient 
Hoffman et al. 2000 2D PC-MRI Sagittal C2 spinal cord 0.7 mL/s 1.3 mL/s* 
Alperin et al. 2005 2D PC-MRI Sagittal C2 spinal cord 0.33 ± 0.13 0.39± 0.17 
Alperin et al. 2014 2D PC-MRI Sagittal C2 spinal cord 0.17 ± 0.05 0.37 ± 0.2* 
Pujol et al. 1995 2D PC-MRI Axial Sagittal tonsil 16 ± 7 index 46 ± 25 index* 

Lawrence et al. 2018 2D PC-MRI Axial Upper spinal cord 0.23 ± 0.08 0.53 ± 0.3* 
Williams et al. 2021 2D PC-MRI Sagittal Upper spinal cord 0.34 ± 0.15 0.39 ± 0.13 
Dawes et al. 2019 Balanced fast-field echo MRI Sagittal Cerebral tonsil N/A 0.57 ± 0.14 

Yiallorou et al. 2012 Balanced TFE Sagittal Sagittal tonsil None > Healthy 
Terae et al. 1994 Bolus tracking Sagittal Spinal cord None > Healthy 
Leung et al. 2016 Cine balanced fast-field echo Sagittal Sagittal tonsil 0.30 ± 0.1 0.79 ± 0.45* 

Nwotchouang et al. 2021 DENSE MRI Sagittal Brainstem 0.15 ± 0.04 0.3 ± 0.13* 
Pahlavian et al. 2018 DENSE MRI Sagittal Brainstem N/A 0.19 ± .05 
Cousins et al. 2009 T2 as cine loop Sagittal Sagittal tonsil 0.43 ± 0.06 0.57 ± 0.04 
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Table 4.2. Clinically reported symptoms for all patients before surgical intervention. 

Clinically Reported Symptom Number of Patients (%) 
Headaches 80% 
Sensory arm 30% 
Neck Pain 20% 
Dizziness 10% 
Instability, Gait Disturbance 10% 
Swallowing Difficulty 20% 
Extremity Pain 10% 
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Table 4.3. Results of statistical analysis using linear mixed effects model (LME) before and after false 
discovery rate adjustment (FDR). * represents statistically significant values after adjustment at the. 0.10 
level. 

Parameter Comparison Object 
unadjusted 

p value q value 

Peak Impaction Pre versus Control Average 
analysis 0.096 0.27 

Tonsillar Position 

Pre versus Post Average 
analysis 0.004 0.04* 

Pre versus Control Average 
analysis 0.004 0.04* 

Post versus Control Average 
analysis 0.001 0.04* 
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Table 4.4. Results of all statistical comparisons across groups, before and after adjustment. * represent 
statistically significant results to the 0.1 level. 

 Parameter 

Triplicate 
analysis 
p-value 

Triplicate 
q-value 

Average 
Analysis 
p-value 

Average 
q-value 

Pre vs 
Post 

Spinal Cord 0.71 0.46 0.25 0.42 
Tonsil 0.09* 0.27 0.23 0.42 
Pons     0.95 0.50 0.34 0.45 
Peak Impaction SCT 0.30 0.43 0.41 0.45 
Peak Impaction SCP 0.63 0.46 0.94 0.50 
TP NA NA 4.02E-03* 0.04* 

Pre vs 
Control 

Spinal Cord 0.88 0.49 0.67 0.46 
Tonsil 0.02* 0.14 0.11 0.27 
Pons     0.50 0.46 0.65 0.46 
Peak Impaction SCT 0.02* 0.15 0.10* 0.27 
Peak Impaction SCP 0.36 0.45 0.47 0.46 
TP NA NA 4.02E-03* 0.04* 

Post vs 
Control 

SC       0.63 0.46 0.30 0.43 
Tons     0.08* 0.27 0.19 0.39 
Pons     0.97 0.50 0.76 0.46 
Peak Impaction SCT 0.58 0.46 0.85 0.49 
Peak Impaction SCP 0.62 0.46 0.52 0.46 
TP NA NA 1.18E-03* 0.04* 
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Table 4.5. Summary of results and descriptive stats for all pre- and post-operative patients and controls. 

 
Pre-operative Control 

Post-
operative 

Age (years) 39 ± 24 35 ± 16 39 ± 24 

Tonsillar Position (mm) 8.50 ± 6.04  -1.18 ± 2.7 6.65 ± 4.03 

Peak Spinal Cord motion (mm) -0.36 ± 0.13 -0.32 ± 0.11 -0.35 ± 0.18 

Peak Tonsil Motion (mm) -0.16 ± 0.07 -0.15 ± 0.04 -0.17 ± 0.06 

Peak Pons motion (mm) -0.21 ± 0.13 -0.11 ± 0.03 -0.18 ± 0.09 

Peak SC - Tonsil Impaction (mm) -0.16 ± 0.06 -0.22 ± 0.10 -0.19 ± 0.15 

Average SC - Tonsil Impaction (mm) -0.08 ± 0.04 -0.12 ± 0.07 -0.09 ± 0.08 

Peak SC - Pons Impaction (mm) -0.22 ± 0.08 -0.18 ± 0.10 -0.20 ± 0.14 

Average SC - Pons Impaction (mm) -0.11 ± 0.04 -0.10 ± 0.06 -0.10 ± 0.08 
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Figures 

 

 

Figure 4.1. Representative subject p04C scan with regions of interest (ROIs) drawn in: (1) Pons, (2) 
Cerebellar tonsil, (3) Upper Spinal cord and lower medulla. 

  

(1) 

(2) 

(3) 
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(a) 

(b) 

Figure 4.2. Displacement and impaction time-series data for representative subject p04C. Solid lines 
indicate displacement results for specific regions of interest (ROIs), while dotted lines indicate the 
difference, or impaction, of two ROIs. The points indicated by (a) and (b) represent peak absolute 

displacement. 
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Figure 4.3. Peak absolute displacements for all pre- and post-operative patients and controls of each region 
of interest (ROI). Horizontal bars represent the median value for a dataset, with the upper and lower limits 

of each box representing the 75th and 25th quartiles, respectively. Red cross marks represent outliers. 
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Figure 4.4. Peak absolute impaction results for all pre- and post-operative patients and controls of each 
region of interest (ROI). Horizontal bars represent the median value for a dataset, with the upper and lower 
limits of each box representing the 75th and 25th quartiles, respectively. Red cross marks represent outliers. 
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Figure 4.5.a. Regression analysis plots for all pre- and post-operative patients and controls showing 
tonsillar position versus tissue motion for peak impaction of the spinal cord – tons. b. Regression analysis 

plots for all pre- and post-operative patients and controls showing tonsillar position versus tissue motion for 
peak impaction of the spinal cord – pons.   
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Figure 4.6. Bland-Altman of displacement results for each operator. 
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Figure 4.7. Forest plot of meta-analysis showing previous studies which reported comparable metrics of 
tissue motion in the cerebellar tonsils or upper spinal cord. * represents studies that found a significant 

difference between pre-operative patients and controls. 
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Figure 4.8.a. Spinal Cord – tonsil impaction data shown over the cardiac cycle for all pre-operative 
patients and controls. b.  Spinal Cord – pons impaction data shown over the cardiac cycle for all pre-

operative patients and controls. 
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Chapter 5: Conclusion 
 

The need for improved CMI diagnostics results from a lack of understanding of the 

underlying CMI pathophysiologies that may be an outcome of our lack of accurate and precise 

imaging methodologies. The barriers to improved CMI diagnostic practices are complex and 

require solutions that look for an improved understanding of the fundamental CMI 

pathophysiology while being pragmatic and realistic with outcomes tied directly to clinical 

application. To satisfactorily address the need for improved CMI diagnostics, a more complete 

understanding of the underlying CMI pathophysiology must be obtained through development of 

advanced image analysis and post-processing techniques. First, as discussed in Chapter 3, to 

address the need for improved image analysis techniques, current standard clinical and research 

MRI modalities were evaluated for agreement, repeatability, and reproducibility using an in vitro 

CMI subject specific 3D printed model. We found that PC MRI measurements of CSF at the 

craniovertebral junction lacked reproducibility between MRI machines, limiting the application 

of results and comparisons of patient data across scanning centers and varying protocols. Next, as 

discussed in Chapter 4, to address the need for an improved understanding of the underlying CMI 

physiology, ten adult CMI patients receiving surgical intervention were compared to ten healthy 

volunteers pre- and post-operatively using 2D PC MRI to quantify neural tissue motion in healthy 

and disease states. With more research, relative tissue motion between the spinal cord and 

neighboring regions could potentially provide a physiological basis for formation of a syrinx and 

therein provide novel biomarker for improved surgical candidacy selection.  

The results presented here could provide a better understanding of PC MRI technique 

reproducibility and an explanation for the conflicting reports in literature regarding CMI 

physiologies and CSF characteristics. With more accurate measurement techniques, post-

processing techniques such as those used here to quantify CSF velocities and neural tissue motion 

at the craniovertebral junction will be more directly comparable across literature thereby 

potentially allowing for an improved functional understanding of the underlying CMI physiology. 

The combination of improved CMI pathophysiological understanding with advanced imaging and 

post-processing techniques could benefit the CMI community with improved surgical candidacy 

selection and a path towards interventions to affect the physiology itself rather than its symptoms.   
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Future Directions 

While the results presented here could potentially provide a basis for future novel CMI 

biomarkers, they do not conclusively provide biomarkers at present. Detailed research over larger 

cohorts should be performed with symptomatic and asymptomatic CMI patients in comparison to 

each other and controls to investigate relative neural tissue motion at the craniovertebral junction. 

With improved imaging modalities such as DENSE MRI or 4D Flow, tissue motion of these 

physiologically regions can be more reliably quantified and understood so that the basis of syrinx 

formation suggested here may be more conclusively defined. A long-term study following CMI 

patients with and without symptoms would ideally be performed wherein predications of syrinx 

formation are made based on relative impaction of the spinal cord compared to the pons and the 

tonsils. Ideally, spinal cord impaction would provide a basis for surgical candidacy selection so 

that patients at high risk for syrinx formation may be identified and intervention provided to 

ensure no syrinx-related nerve damage occurs. 

The results here suggest there may be some physiological importance within the relative 

motion between the spinal cord and neighboring regions in the craniovertebral junction but may 

not be the ultimate biomarker or predictor for surgical candidacy and syrinx formation risk.  The 

motion defined here is done so in terms of displacement, but this could be taken further to derive 

tissue strain and tissue strain rates as exerted onto them from the CSF fluid motion. Future studies 

should be directed towards using advanced imaging techniques with improved temporal-spatial 

resolution so that craniovertebral tissue motion may be fully characterized in terms of tissue 

displacement, strain, and strain rate to define a novel biomarker with direct relation to clinical 

presentation of symptomatology. Notably, the localization of this motion at the cerebellum could 

affect the mechanical environment of the extracellular matrix (ECM), which has been shown by 

several studies to affect the mechanical phenotype of cell types that originate from a normal 

brain, such as astrocytes and neurons [89-91]. With distinct changes to the mechanical 

environment, it is highly likely that the mechano-signals experienced by cells in the 

craniovertebral junction are therefore different in the CMI disease state compared to the normal, 

healthy state. These different mechano-signals cause phenotypical changes to astrocytes and 

neurons [92], which could result in changes to the functionality of those cells and potentially 

provide a basis for the varying clinical presentations of CMI. Future studies ought to be 

performed to fully explore this abnormal physiology in CMI and the effects it has on cellular 

signaling and functionality to eventually define the relationship between neural tissue strain and 

higher order brain functions. 
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Advanced imaging techniques are not strictly required for this research, but instead could 

be performed with standard 2D PC MRI with improved MRI calibration and optimized dynamic 

imaging parameters. In combination with advanced post-processing techniques, bulk and relative 

tissue motion at the craniovertebral junction could be characterized in terms of displacement, 

strain and strain rate. Use of 2D PC MRI would be specifically advantageous as it would be easily 

translated into clinical settings as technicians are already familiar with this sequence thereby 

cutting down training and operational costs associated with novel imaging sequences and 

additional scan time incurred by less optimized sequences.  
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Appendix A 
 

Tables 
Table A.1. Effect sizes and corresponding p values estimated from the secondary linear mixed-effects 
model for velocity measurements. This model uses Center 2 as the baseline and includes interactions 
between scanning modality, scanning center, and axial position of imaging.  The mean effect size is 
provided, along with the 95% confidence interval (CI).  We used Bonferroni correction to account for 
multiple testing. * represents statistical significance under Bonferroni correction where the threshold is p < 
0.05/14=0.0036. 

Effect Effect Size (95% CI) [cm/s] p value 
Intercept  

(Center 2: 2D PC MRI at FM) 13.70 (13.27, 14.14) 4.57 x 10-14* 

Scan type (4D – 2D) -0.02 (-0.28, 0.24) 0.86 
Center 1 0.45 (-0.36, 1.27) 0.27 
Center 3 -1.64 (-2.29, -0.99) 0.11 
Center 4 -2.06 (-2.44, -1.69) 1.40 x 10-06* 
Center 5 -0.72 (-1.59, 0.15) 4.17 x 10-22* 

C1 -0.80 (-1.36, -0.24) 0.01 
C2M -0.49 (-0.96, -0.02) 0.04 
C2B 0.01 (-0.45, 0.48) 0.95 
C3 -1.21 (-1.67, -0.75) 5.78 x 10-07* 
C4 -1.36 (-1.85, -0.87) 1.01 x 10-07* 
C5 -0.54 (-1.14, 0.07) 0.08 
C6 -1.26 (-1.77, -0.75) 1.89 x 10-06* 
C7 -1.71 (-2.17, -1.24) 8.37 x 10-12* 
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Figures 

 

Figure A.1. Forest Plot of meta-analysis separated by imaging modality (2D PC MRI and 4D PC MRI) and 
Chiari vs healthy populations. (a) 2D PC MRI reported results for Chiari subjects. (b) 2D PC MRI reported 
results for healthy volunteers. (c) 4D PC MRI reported results for Chiari subjects. (b) 4D PC MRI reported 

results for healthy volunteers.  

(d) 

(b) 

(c) 

(a) 
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Appendix B 
 

Tables 
Table B.1. Pearson correlation coefficients (CC) for peak spinal cord impaction and tonsillar position for 
each group. 

  CC 

Pre Peak SC-Tonsil 0.33 
Peak SC-Pons -0.64 

Control Peak SC-Tonsil 0.61 
Peak SC-Pons 0.57 

Post Peak SC-Tonsil 0.34 
Peak SC-Pons 0.24 
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Figures 

 

Figure B.1. Velocity timeseries data for representative subject p04 before and after applying net-zero 
velocity constraint. 
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Figure B.2. Regression analysis of operators 1 and 2 with linear trendlines shown for each region and R2 
reported with color coding for respective regions of interest (ROIs): upper SC = spinal cord, pons, and 

tonsil. Black line represents linear trendline for all data points, with R2 shaded with grey. 
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Figure B.3. Regression analysis plots for tonsillar position (TP) measurements vs each region of interest 
(ROI) investigated here (spinal cord = SC, tonsil, pons) for all patients and controls. Green dotted lines 

represent linear trendline of the data with R2 reported. (a) Peak absolute spinal cord motion versus tonsillar 
position. (b) Peak absolute cerebellar tonsil motion versus tonsillar position. (c) Peak absolute pons motion 

versus tonsillar position. 
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TO: John Oshinski, PhD
Principal Investigator
*SOM: Rad: Admin

   
DATE: April 6, 2016
   
RE: Continuing Review Expedited Approval
  CR6_IRB00008711 

  IRB00008711
Clinical Utility of MRI based Hydrodynamic Parameters in Chiari Malformation

Thank you for submitting a renewal application for this protocol. The Emory IRB reviewed it by the
expedited process on 4/5/2016, per 45 CFR 46.110, the Federal Register expedited review
categories F4 and F5, and/or 21 CFR 56.110. This reapproval is effective from 4/5/2016 through
4/4/2017. Thereafter, continuation of human subjects research activities requires the submission of
another renewal application, which must be reviewed and approved by the IRB prior to the
expiration date noted above. The following consent and authorization documents are approved for
use in the new approval period:

Consent form, version date 6/24/2010
HIPAA authorization form, version date 4/26/2010
Revocation letter, version date 3/10/2010

Any reportable events (e.g., unanticipated problems involving risk to subjects or others,
noncompliance, breaches of confidentiality, HIPAA violations, protocol deviations) must be
reported to the IRB according to our Policies & Procedures at www.irb.emory.edu, immediately,
promptly, or periodically. Be sure to check the reporting guidance and contact us if you have
questions. Terms and conditions of sponsors, if any, also apply to reporting. 

Before implementing any change to this protocol (including but not limited to sample size, informed
consent, and study design), you must submit an amendment request and secure IRB approval.

In future correspondence about this matter, please refer to the IRB file ID, name of the Principal
Investigator, and study title.  Thank you.

Sincerely,

Sam Roberts, CIP
Research Protocol Analyst, Sr.
This letter has been digitally signed

CC: Emery Jessica SOM: Neurology: Neuromuscular
Sarda Samir *SOM: Rad Onc: Admin
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  Barrow Daniel *SOM: Neurosurgery: Admin
Holder Chad *SOM: Rad: Admin
Saindane Amit *SOM: Rad: Admin
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